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MarA, SoxS and Rob are transcription factors beionging to the AraC famiiy. While these proteins 
have been associated historically with control of multiple antibiotic resistance, and tolerance to 
oxidative stress agents and organic solvents, only a paucity of experimental data support a role in 
regulating virulence. Clinical Escherichia coli isolates, and isogenic strains lacking marA, soxS 
and rob, were studied in a murine model of ascending pyelonephritis, which is a clinically relevant 
model of urinary tract infection. Organisms lacking all three transcription factors (triple knockouts) 
were significantly less virulent than parental strains, and complementation studies demonstrated 

Received 2| dyly gQggiiiiilil^ that the addit on of marA, soxS and rob ind vidualiy restored wi.d-type virulence in the 

Revised 1 3 September 2006 triple-knockout Strain. Deletion of soxS or rob alone was more detrimental than the removal of marA. 
Accepted 15 September 2006 Thus, all three proteins contribute to virulence in vivo. 



INTRODUCTION 

The AraC family of transcription factors is composed of 
more than 1000 members (Alekshun & Levy, 2004), many of 
which have well-known roles as virulence factors (Finlay & 
Falkow, 1997). ExsA from Pseudomonas aeruginosa regulates 
a type III secretion system (TTSS) (Hauser et at, 1998), 
Yersinia spp. LcrF (VirF) and YbtA control a TTSS (Flashner 
et al, 2004) and yersiniabactin (siderophore) (Fetherston 
etal, 1996) biosynthesis, respectively, and ToxT from Vibrio 
cholerae governs the synthesis of cholera toxin and toxin co- 
regulated pili (Champion et al, 1997). Inactivation of genes 
specifying AraC family members [e.g. B^T, ToxT, LcrF 
(VirF), Rvl931c, ExsA, Spl433 and MarA] attenuates 
virulence in human subjects (Bieber et al, 1998) and a 
variety of animal infection models (Champion et al, 1997; 
Flashner et al, 2004; Frota et al, 2004; Hauser et al, 1998; 
Hava & Camilli, 2002; Randall & Woodward, 2001). 

Thus, in addition to a primary role in virulence, it is 
assumed that many members of the AraC family play larger 
roles in affecting the overall physiology of the bacterial cell. 
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Notably, genomic array experiments have shown that 
P. aeruginosa ExsA and V. cholerae ToxT regulate the 
expression of a large collection of genes termed regulons 
(Bina et al, 2003; Wolfgang et al, 2003). 

Escherichia coU MarA and SoxS were originally identified 
based on their ability to control multiple antibiotic 
resistance (Mar) (George & Levy, 1983a, b), and suscept- 
ibility to superoxide and other oxidative stress agents (Wu & 
Weiss, 1991), respectively. Experiments vnth Rob, a MarA 
and SoxS paralogue, showed that it could function in a 
similar manner (Ariza et al, 1995). Subsequent data have 
documented multidrug-resistant clinical strains of E. coli 
(Linde et al, 2000; Maneewannakul & Levy, 1996) and 
Salmonella enterica serovar Typhimurium (S. typhimurium) 
(Koutsolioutsou et al, 2001) that constitutively express 
AraC family members. It is therefore surmised that these 
proteins may play a role in the infectious process. 

Although the soxS and mar loci are expressed by S. 
typhimurium within macrophages (Valdivia & Falkow, 

1996) and J774-A. 1 (macrophage-like) cells (Eriksson 
et al, 2003), initial attempts to demonstrate experimentally 
an effect on virulence in vivo have been unsuccessful. Sulavik 
etal. (1997) used a lethal infection model to investigate the 
virulence of strains lacking soxS. Van der Straaten and 
colleagues (2004) failed to find differences during in vivo 
growth of wild-type organisms compared with strains 
lacking ramA (specifying another AraC protein), soxS or 
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both genes. Randall & Woodward (2001), however, found 
that S. typhimurhim DTI 04 lacking marA was less likely to 
colonize the spleens and caeca of infected chicks. 

MarA, SoxS and Rob each regulate the expression of 
multiple genes (called the MarA, SoxS and Rob regulons) 
in E. coli (Barbosa & Levy, 2000; Bennik et al, 2000; 
Pomposiello et al., 2001), S. typhimurium (Pomposiello & 
Dcmplc, 2000) and, by inference, other members of the 
Enterobacteriaceae. This regulation is achieved by the 
binding of the transcription factor to a degenerate sequence, 
called the 'marbox' or 'soxbox' (Martin & Rosner, 2003), 
which is located within the promoter of the regulated gene. 
Since MarA has been foimd recently to act as a transcription 
repressor (Schneiders etal, 2003), it is more precise to state 
that the location of the marbox can be found among both 
promoter and operator sequences. The degeneracy of the 
marbox/soxbox allows for the differential regulation of 
individual genes by MarA, SoxS and Rob (Martin etal, 2000; 
Martin & Rosner, 2003). Thus, experiments investigating 



phenotypes attributed to these proteins should be per- 
formed with strains lacking single and multiple members of 
this transcription factor family. 

Using a murine model of pyelonephritis, we found that E. 
coli lacking marA, soxS and rob was unable to maintain 
colonization of the kidney. In this model, the bladders of 
diuresed mice were infected with bacteria. Subsequently, the 
organisms migrated to the kidneys in a process that mimics 
the clinical course of pyelonephritis. When the individual 
loci were restored in single copies, each was capable of 
restoring wild-type virulence. 

METHODS 

Bacterial strains and piasmids. The bacterial strains and plas- 
mids used in this study are listed in Table 1. E. coli KM-D is a clini- 
cal isolate obtained from an intestinal fistula, and bears a mutated 
tnarR, resulting in a Mar phenotype (Maneewannakul & Levy, 
1996). E. coli CI 89 is a clinical cystitis isolate that is multidrug 



Table 1. Bacterial strains and piasmids used in this study 



Strain (serotype if relevant) 


Relevant characteristics/genotype 


Source or reference 


or plasmid 






E. coli strains 






SI 7- Upir 


lamB supE44 thi-1 thr-1 ieiiB6 lacYl tonA21 hsdR 
hsdM recA pro (RP4 : 2-Tc : : Mu : : Km : : Tn7) A pir 


Simon et al. (1983) 


DHSaipir 


F~ mo lacZAMlS endAl recAl hsdR17{t^ m^) supE44 
thil gyrA96 relAlA{lacZYA-argF) U169 X pir 


Elliott & Kaper (1997) 


MG1655 


K-12 laboratory isolate 


In-house strain collection 


EP-1 


Clinical isolate 


Linde et al. (2000) 


KM-D 


Clinical isolate, marR 


Intestinal fistula; Maneewannakul 8c Levy (1996) 


C189 (02:H") 


Clinical isolate 


Cystitis; Yamamoto et al. (1995) 


PClOOl 


KM-D AmarA 


This study 


PC1003 


KM-D Arob 


This study 


PC 1005 


KM-D AsoxS 


This study 


PC1012 


KM-D AsoxS, rob, marA 


This study 


PC1031 


PClOOl : : marA 


This study 


PC1033 


PClOU :: marA 


This study 


PC1035 


PC10Q5 -.-.soxS 


This study 


PC1037 


PC10U::soxS 


This study 


PC1038 


PC1012:: rob 


This study 


PC1040 


PC1003 : : rob 


This study 


C189-P2 


CI 89 passaged twice in mice 


This study 


PC marA 


C189-P2, marA 


This study 


PCsoxS 


C189-P2, soxS 


This study 


VCwh 


C189-P2, rob 


This study 


PCrob, soxS 


C189-P2, rob, soxS 


This study 


PC wt Rob 


C189 


This study 


PC wt MarA 


C189 


This study 


Piasmids 






pSR47s 


Km^ R6Koriy RP4onT sacB 


Kolter et al (1978) 


pPCArofe 


pSR47s with DNA sequences flanking rob 


This study 


pPCAsoxS 


pSR47s with DNA sequences flanking soxS 


This study 


pPCAmarA 


pSR47s with DNA sequences flanking marA 


This study 
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susceptible (Rippere-Lampe et al., 2001; Yamamoto et al., 1995). E. 
coli C189-P2 was obtained following two passages of E. coli C189 in 
mice of the infection model described below; there was no change in 
drug susceptibility in the derived strain C189-P2. 

Genetic techniques. In-frame (non-polar) deletions of specific 
genes in KM-D or C189-P2 were constructed by crossover PGR and 
allelic exchange (Link et al., 1997). A 1 kb DNA fragment consisting 
of 500 bp flanking the upstream and downstream portions of the 
sequences targeted for deletion, separated by a 33 nt spacer, was 
constructed by crossover PGR, and cloned into the Notl-BaniHl site 
of the suicide vector pSR47s. pSR47s contains the R6K origin of 
replication, rendering it dependent on the n protein, the kanamycin- 
resistance gene &om Tn903, and the Bacillus subtilis sacB gene, 
which is used as a counterselectable marker (Kolter et al, 1978). 
Plasmids with the cloned crossover PGR fragments were transferred 
from E. coli S\7-\Xpir to KM-D and G189-P2 by conjugation, and 
transconjugants were selected on M9 minimal medium containing 
0-2% glucose and 30 ng kanamycin ml"'. KM-D and C189-P2 
transconjugants were then grown overnight at 37 °G in Luria- 
Bertani (LB) without antibiotics. The overnight cultures were diluted 
in double-distilled water, and 10^-10* c.£u. were plated on L agar 
containing 5% sucrose, and incubated at 30 °C overnight. The 
resulting colonies were plated on LB agar with and without kanamy- 
cin. Kanamycin-sensitive colonies were tested for the presence or 
absence of the wild-type and deleted alleles by PGR with allele-specific 
primers. 

The crossover PGR products used for the in-frame deletion have a 
33 nt 'stuffer' sequence containing a Spel restriction site. In order to 
restore the deleted genes into their original loci, the wild-type genes 
were amplified from KM-D and C189-P2 colonies with primers that 
created Spel restriction sites at both ends of the ORF. These fragments 
were restricted with Spel, and ligated to the plasmids used to make 
the corresponding in-frame deletions. This procedure recreates the 
original gene, with an additional seven amino acids (Met-Val-Ile-Asn- 
Leu-Thr-Gly) at the amino terminus. This complementation plasmid 
was recombined into the chromosome of the appropriate mutant 
strains by allelic exchange, as described above, and the presence of the 
wild-type allele was confirmed by PGR. 

PGR was used to identify genes specifying virulence factors known to 
play a role in E. coli urinary tract infection (UTI; i.e. q'stitis and 
pyelonephritis). Primers were designed, and PGR was performed as 
described by others (Ruiz et al, 2002, and references therein) using 
total DNA isolated from G189-P2 and KM-D. 

Assay for type I fimbriae expression. The assay for t^-pe I fim- 
briae expression was based on the protocol of Bahrani-Mougeot et al 
(2002). Bacteria ^vere grown in static LB broth for 48 h at 37 G, 
centrifuged for 1 min, and resuspended in 1 ml PBS. A 25 |.il aliquot 
was then added to a flat-bottom 96-well plate. Defibrinated guinea 
pig blood (Colorado Serum) was centrifuged at 2300 RCF 
(5000 r.p.m. in an lEG Micromax microcentrifuge) for 1 min, and 
washed once with PBS. The washed red blood cells were then diluted 
in PBS with or without 50 mM mannose, and 25 |.d of this suspen- 
sion was placed into the wells of a 96-well plale containing bacteria. 
The plate was rocked at room temperature for 15-20 min, and 
agglutination of the red blood cells was assessed by visual inspection 
of the ^vells, and at a magnification of x 100 under an inverted 
microscope. £. coli EP-1 (Linde et al., 2000), which lacks the genes 
specifying type I fimbriae, as determined using PGR, was used as a 
negative control. 

Ascending UTI model. All animal experiments were approved by 
our Institutional Animal Gare and Use Gommittee. To make E. coli 
CI 89 suitable for studies in mice, it was passed twice through 
the murine host, as described below, and the resulting strain was 



designated G189-P2, to designate two in vivo passages. E. coli KM-D 
did not require these steps. The murine model of ascending pyelone- 
phritis has been described by Hopkins et al. (1998). Briefly, GD-1 
female mice (mean weight 20-30 g) were diuresed (diuresis was 
necessary for consistent kidney infections) on a diet consisting of 
water containing 5% glucose and restricted solid food (10-12 g per 
cage of five animals). On the day of the experiment, each mouse was 
anaesthetized with isoflurane, and the abdominal area was shaved 
and bathed with iodine, followed by sterilization with 2-propanol. A 
small incision was made through the outermost skin layer just above 
the urethra. Once the inner skin layer was exposed, another incision 
was made through the peritoneum, exposing the inner cavity and 
the bladder. A small puncttire was made in the bladder to aspirate 
excess urine, and the infectious dose (100 (il) was introduced by 
intravesicular inoculation. 

In order to investigate the growth conditions necessary to achieve 
reproducible kidney infections in the UTI model, mice were infected 
with E. coli KM-D grown under different conditions in vitro. Bacteria 
grown overnight in LB broth produced the most robust and 

reproducible infections. From an overnight culture grown at 37 °C 
in LB medium, bacteria were washed with PBS, diluted to 
10** cf.u. mr' in PBS, and 100 (tl of this culture (10^ c.£u.) was 
used to inoculate the mice. 

After a designated period of infection, mice were killed, and their 
kidneys were removed. Individual kidneys were weighed, and then 
suspended in 5 ml sterile PBS. The kidneys were homogenized, and 
1 : 10 serial dilutions were plated on MacConkey agar to determine the 
infectious load (c.fu.) per gram of kidney. All data are presented as 
median logio c.fu. (g kidney)^'. 

Statistical analyses. The statistical significance of differences 

between bacterial isolates was determined using ANOVA with nor- 
mally distributed data, and with Dunnett's post-hoc tests. When no 
bacteria were recovered at a 10^^ dilution, a value of 1 was assigned 
to the c.fu. (g kidney)"' in order to apply statistics using para- 
metric models. P values of <0-05 were considered significant. 



RESULTS AND DISCUSSION 



Virulence of wild-type and mutant bacteria 

To investigate defects in virulence among bacterial strains 
lacking MarA, SoxS and/or Rob, we used a mouse model of 
ascending pyelonephritis. Since this model permits a 
determination of cf.u. (g kidney) it enabled us to 
make quantitative assessments of bacterial load. 

Since MarA, SoxS and Rob can regulate similar genes, there 
is redundancy among their regulons (see above). Therefore, 
to mitigate potential compensatory changes, wc began our 
experiments with a strain deleted of all three genes. Both 
KM-D (parent) and PC 10 12 (bearing in-frame deletions in 
mar A, soxS and rob) were cultured from the kidneys of mice 
for up to 3 days post-infection (Fig. la, b). After this period, 
KM-D maintained colonization of the kidneys for at least 
11 days post-infection, while PC1012 was cleared from the 
kidney after day 3 (Fig. lb); this difference was statistically 
significant (P<0-01). These data suggest that the ability of 
PC 10 12 to reach the kidney (from the bladder) is not 
compromised, but that this strain is defective in its ability to 
maintain colonization of the kidney once there. 
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Fig. 1. Time course of kidney colonization in the mouse UTI 
model. Mice were infected via intravesicular inoculation (see 

Methods), kidneys were harvested, and bacterial loads were 
determined at the designated time points, (a) £ coli KM-D; no 
significant difference (P>0-05) for day 1 versus days 3, 5, 7 
and 11. (b) £ coli PCI 01 2 (triple deletion); *P<0-01 for day 
1 versus days 5, 7 and 1 1 . 



marA, soxS and rob were then restored individually in 
their original locations in the chromosome of PC1012. 
Complementation with single chromosomal copies of each 
transcription factor resulted in a strain that colonized the 
kidney to a similar extent as the wild-type host KM-D 
(compare PC1012 with PC1033, PC1037 and PC1038 in 
Fig. 2a). Thus, marA, soxS or rob, alone, is sufficient in 
restoring kidney colonization in the absence of the other two 
genes. 

We next determined whether deletion of a single transcrip- 
tion factor affected kidney colonization. Deletion of soxS or 
rob produced an organism that exhibited a significant 
(P<0-05) defect in kidney colonization (compare KM-D 
with PC1005 and PC1003, Fig. 2b). A statistically significant 
effect (P> 0-05), however, was not seen in the strain deleted 
for marA (compare KM-D with PClOOl, Fig. 2b). In the 
case of PC1005 and PC1003, the colonization capacity of 
the host was fully restored when the single chromosomal 
copy of either soxS or rob was replaced in the respective 



Fig. 2. Effects of transcription factor deletion on £ coli coloni- 
zation in the KM-D genetic background in an ascending murine 
model of pyelonephritis. Mice were infected (see Fig. 1 legend), 
and kidneys were harvested at 5 days post-infection, (a) 
Complementation of the triple deletion (PCI 01 2) strain; 
*P<0-05 versus KM-D with marA, soxS or rob. The data for 
KM-D and PCI 01 2 were pooled from three separate experi- 
ments, (b) Comparison of single-deletion strains [PCI 001 
(AmarA), PCI 005 (AsoxS) and PCI 003 (Arab); *PsS0-05 
versus KM-D; Fig. 2a], and complementation of strains deleted 
for a single transcription factor [PCI 031 {+marA), PCI 035 
(+soxS) and PC1040 (+rob)\ **P>0-05 versus KM-D; 
Fig. 2a]. The analyses of the deletion strains and the comple- 
mented mutants were investigated in independent experiments. 
The relative virulence of these strains is compared with the 
controls (KM-D and PCI 01 2) in (a). 



single-deletion strains (compare BCM-D with PC1035 and 
PC1040, Fig. 2b). Thus, while SoxS and Rob appear to be 

more critical than MarA for kidney colonization in KM-D, 
each restored kidney colonization in the triple mutant. 

A series of single genetic deletions was constructed in E. coli 
C189, which is an authentic uropathogenic E. coli (UPEC) 
isolate obtained from a patient with cystitis (Rippere-Lampe 
et al, 2001; Yamamoto et al, 1995). Similar to the results 
observed with KM-D, deletion of the gene specifying either 
SoxS or Rob, but not MarA, in the C189 background, 
compromised the colonization capacity of the bacterium. 
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The median c.f.u. (g kidney)"^ obtained following infection 
with either the single soxS or rob deletion mutant was 1, 
whereas a median of l-4xl0''c.fu. (g kidney)"^ was 
recovered following infection with the marA mutant (data 
not shown), which was similar to the wild-type strain. A 
statistically significant difference (P<0-05, using a non- 
parametric Wilcoxon method), however, was only achieved 
with the soxS mutant (data not shown). 

These findings strongly suggest that the colonization defect 
seen in the mutants is associated with the absence of SoxS or 
Rob, and they suggest little, if any, role for MarA if either 
SoxS or Rob is present. That a detrimental effect following 
deletion of marA alone in either E. coli strain was not seen 
may reflect 'backup' activity of Sox and/or Rob for critical 
genes regulated by the transcription factors. However, the 
marRAB operon is induced during growth of UPEC in 
another mouse model of UTI (Snyder et al, 2004). 

To rule out that the genetic manipulations needed to 
produce the deletion strains might have a detrimental effect 
on the ability of the organism to colonize the murine 
kidneys, we investigated the colonization capacity of two 
wild-type strains that were obtained during the procedure 
used to produce the in-frame knockouts. The mutagenic 
process used in this study (Link et al., 1997) resulted in a 
population of bacteria in which half could be wild-type, and 
the other half mutant. Two wild- type strains, PC wt Rob and 
PC wt MarA, were indistinguishable from C189-P2 in their 
ability to colonize the murine kidney (2-0 x 10* and 
l-2xl0\ versus 1-6 x 10* median c.f.u. (g kidney)~\ 
respectively; data not shown). 

There is a limitation of this murine UTI model. Within the 

experiments, some mice maintained colonization with the 
deletion strain PC1012 (e.g. see Fig. lb). Similar findings of 
'outliers' have also been observed with Proteus mirabilis 
UreR mutants (Dattelbaum et al, 2003), and when the 
model has been used to test antibiotics, including an 
aminoglycoside, a penicillin, a cephalosporin, or trimetho- 
prim-sulfamethoxazole, to treat susceptible E. coli infection 
(Hvidberg et al, 2000; Kerrn et al, 2003; Schilling et al, 
2002). Complete sterilization of any portion (urine, 
bladders or kidneys) of the mouse urinary tract has not 
been achieved in this model using genetic or therapeutic 
means (Dattelbaum et al, 2003; Hvidberg et al, 2000; Kerrn 
et al, 2003; Schilling et al, 2002). 

The use of relatively large ( 100 |.l1) volumes in intravesicular 
inoculations, i.e. directly into the bladder, can result in 
vesicoureteral reflux (VUR) in the mouse (Hopkins et al, 
1995). While some have used intravesicular inoculation 
(Brzuszkiewicz etal, 2006; Hopkins etal, 1998), others have 
relied on the use of catheters to introduce bacteria directly 
into the bladder via the urethra. We tried unsuccessfiiUy to 
use catheters for intraurethral infections. We do not think 
that VUR complicates the interpretation of our results for 
the following reasons. The time course of colonization was 
followed out to a period of 1 1 days, and at this point the 



preponderance of the murine kidneys was colonized by 
wild-type bacteria (Fig. la). Any short-term effect that 
might be manifested by VUR would be negated during this 
extended period of time. Also, since the mutants were 
analysed in the same model, they served as controls: they 
reached and colonized the kidney for up to 3 days, but were 
unable to maintain colonization thereafter. 

The presence of bacteria within an othenvise sterile mouse 
kidney, nevertheless, correlates well with an active infection 
(Hvidberg et al, 2000). The model used in this study reports 
on the inability of E. coli deletion mutants to colonize the 
mouse kidney; colonization is a critical component required 
for most bacterial infections. 

Genetic, biochemical and plienotypic 
characterization of E. coli strains 

PCR was used to determine the presence of a number of 
genes known to be involved in the virulence of UPEC. We 
compared the results obtained using total DNA from C189- 
P2 and KM-D. The aer gene (specifying the aerobactin 
siderophore), or the fimA and fimH genes (encoding the 
type I fimbriae), were present in both of the clinical isolates 
(Table 2) . The UPEC isolate C 1 89-P2 contained many of the 
other genetic sequences sought (Table 2). The gene afa 
(encoding afimbrial adhesions) was not detected by PCR in 
C189-P2, KM-D or E. coli K-12 MG1655. C189-P2, as 
reported, also lacks hly (Yamamoto etal, 1995); KM-D lacks 
hly and a number of genes specifying many of the known 
UPEC virulence factors (Table 2), but it colonized the 
mouse kidney to a similar extent as C189-P2. Moreover, 
both KM-D and C189-P2 showed a similar decrease in 
colonization in the mouse UTI model when either soxS or 



Table 2. Virulence factors present, as determined using 
PCR, in strains included in this study 

Gene products are specified in parentheses. The genes afa (afim- 
brial adhesions) and hly (haemolysin) were not found in either 
C189 or KM-D. The genes fimA and fimH, but not any of the 
other virulence-associated genes, were also present in E. coli K-12, 
a laboratory isolate. +, Present; — , not present. 



Gene 


Host 






C189 


KM-D 


aer (aerobactin) 


-1- 


-1- 


cnf (cytotoxic necrotizing factor) 


-1- 




fimA (type 1 pili) 


-1- 


-1- 


fimH (type 1 pili) 


-1- 


+ 


papC (pyelonephritis-associated pili) 


-1- 




papEIF (pyelonephritis-associated pili) 


-1- 




papGII (pyelonephritis-associated pili) 


-1- 




sat (autotransporter toxin) 


-1- 




sfa (S fimbriae) 


+ 




traT (serum resistance) 


-1- 


-1- 
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rob was deleted. The traT gene (specifying a protein involved 
in serum resistance; Sukupolvi & O'Connor, 1990), another 
E. coli virulence factor, was also detected by PGR in both 
KM-D and C189-P2 (Table 2). 

Based on the results from PGR, aer, fimA and fimH, and traT 
seemed to be virulence candidates that were potentially 
affected by the deletions, since they were present in both 
KM-D and G189-P2. We initially ruled out aer, since we 
reasoned that affecting any one siderophore (if others were 
present) would not have such a dramatic effect on 
colonization in vivo (Torres et al., 2001). A role for 
siderophore-related functions, e.g. IroN, however, has been 
established using in vivo competition experiments (to detect 
subtle changes in virulence) between wild-type and mutant 
bacteria in a mouse model of UTl (Russo et ai, 2002). The 
roles of the fimA, fimH and traT gene products were further 
investigated using a Hmited set of virulence assays (see 
below). 

In order to assess the integrity of the bacterial outer 
membrane, the LPS content of KM-D, and its triple deletion 
mutant PG1012, was qualitatively examined using bacteria 
grown in LB or M9/glucose broth, or from cells isolated 
directly from LB agar plates (Westphal & Jann, 1965). No 
differences were seen in either the LPS core or the O-antigen 
between the two strains on silver- stained SDS-PAGE gels 
(data not shown). The integrity of tlie cell envelope was 
further tested by measuring susceptibility to SDS and crystal 
violet in a standard disk diffusion assay using drug- 
impregnated paper disks. Both KM-D and PC1012 were 
resistant to SDS, and exhibited the same zone of inhibition 
( ~ 1 cm) when incubated in the presence of a disk 
containing crystal violet (data not shown). 

KM-D, G189-P2, PC1012 and PCrob were tested for then 
susceptibility to active mouse serum, and their ability to 
grow in heat-inactivated mouse serum. No differences were 
seen (data not shown), suggesting that the expression of 
TraT is not involved in the colonization defect exhibited by 
PG1012 and PCrob. 

The expression of type I pili was monitored qualitatively 
using mannose-sensitive agglutination of guinea pig red 
blood cells. Both G189-P2 and KM-D caused haemagglu- 
tination. This property was not seen with E. coli EP-1, which 
lacks type I fimbriae. The agglutination was abrogated by 
mannose, the natural substrate of type I fimbriae, indicating 
a specific effect of type I fimbriae (data not shown). The 
PCrob, soxS (double deletion) and PC1012 (triple deletion) 
mutants caused haemagglutination at levels similar to their 
wild- type parent strains (data not shown). In all instances 
(except for the EP-1 strain), increasing the bacterial 
concentration 10-fold did not result in additional haemag- 
glutination, and reducing the bacterial concentration 10- 
fold largely eliminated haemagglutination for all isolates 
(data not shown). Thus, the expression of type I fimbriae 
does not appear to be dependent on the presence of MarA, 
SoxS or Rob. 



Relative to wild-type organisms, the mutant strains 
produced in this study did not show any statistically 
significant differences in growth rate, cytotoxicity toward 
tissue culture cells, adherence and internalization in cell 
culture (Garrity-Ryan et al, 2000), and induction of 
cytokine expression (Hedlund et al., 1999) (data not 
shown). 

Using a limited set of known virulence assays, we were 
unable to find a specific defect that would account for the 
lack of kidney colonization, or the difference between the 
marA-deletion strains and strains deleted of the other two 
transcription factors. Given the number of genes regulated 
by SoxS (Pomposiello & Demple, 2000; Pomposiello et al., 
2001) and Rob, the inability to find a defect in one particular 
virulence factor was not entirely unexpected. Since MarA, 
SoxS and Rob are not required for growth of the organism 
in vitro, it may simply be that a regulatory defect in many 
genes simultaneously has as much of an effect on growth in 
vivo as does the removal of a single critical virulence factor, 
e.g. type I fimbriae. For example, it is known that some of the 
genes regulated by MarA are involved in biofilm formation 
(Otto et al, 2001), and this phenotype has been shown 
recently to be important for the pathogenesis of UTI in mice 
(Anderson et al, 2003). 

The antibiotic-resistance phenotype observed in strains 
overexpressing MarA, SoxS and Rob depends largely on 
the AcrAB-TolG efflux system (Alekshun & Levy, 1999). 
Although multidrug-resistance efflux systems have been 
shown to affect virulence (Piddock, 2006), a connection 
between MarA, SoxS and Rob, and efflux in the present 
work, is not clear. Moreover, since the wild-type and 
deletion strains grew equally well on MacConkcy agar, a 
difference in susceptibility to bile salts was also ruled out, as 
was a major defect in AcrAB-TolC expression in vitro. 

Concluding remarks 

While a number of phenotypes have been assigned to MarA, 
SoxS and Rob transcription factors in vitro, e.g. resistance to 
antibiotics, household disinfectants and oxidative stress 
agents (Alekshun & Levy, 1999), this is one of the first 
reports to demonstrate an effect of these proteins in vivo. 
That a family of bacterial transcription factors, which are not 
required for growth in vitro, has been shown to be necessary 
for persistence in a mouse model of UTI suggests that the 
factors might be exploited as new therapeutic targets. Small- 
molecule inhibitors of these transcription factors (Alekshun 
& Levy, 2005) can be designed to be used alone to prevent 
infection, or in conjunction with an antibiotic to help treat 
an infection. A recent study has extended this concept to V. 
cholerae infection (Hung et al, 2005). 
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